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Brain Systems that Control Feeding
All life forms need to acquire and expend energy at appropriate levels to survive and reproduce. In animals, energy comes from eating. The central nervous system controls 
when and how much to eat (Berthoud, 2007; Morton et al., 2006). Three interacting brain systems play key roles in the control of feeding. Two of these systems sense and 
integrate physiologic cues: in general, the brainstem receives information from the gut, while the hypothalamus interrogates circulating/humoral signals. The brainstem and 
hypothalamus control satiety (loosely, the sense of “fullness” that occurs with feeding) and also relay processed information to the third of these brain systems, which controls 
the incentive to seek and ingest food.
Hypothalamic Sensing and Integration of Humoral Signals
The hypothalamus and brainstem operate below the radar of the conscious brain and modulate systems that maintain homeostasis (such as cardiovascular function, breath-
ing, and feeding). Many neurons of the hypothalamic arcuate nucleus (ARC) (along with the adjacent ventromedial hypothalamic nucleus [VMH]) sense circulating hormones 
(including leptin, insulin, and ghrelin) and nutrients (e.g., glucose) that indicate nutritional status (Morton et al., 2006; Myers and Olson, 2012). The dorsomedial hypothalamic 
nucleus (DMH) integrates these signals with other physiologic and temporal inputs (Myers et al., 2009). The brainstem satiety circuits project to these hypothalamic centers, as 
do midbrain serotonin (5-HT) neurons that are activated by stressors such as social defeat (Marston et al., 2011). Much of this integrated information is relayed to the paraven-
tricular nucleus (PVH), which projects to autonomic centers to control their activity, to the pituitary to regulate endocrine function, and to the brainstem to modulate satiety. These 
hypothalamic centers also project to the lateral hypothalamic area (LHA), which relays homeostatic signals to the brain regions that control motivation (see below).
The Hypothalamic Melanocortin System
Crucial to the hypothalamic systems that control feeding is the melanocortin system (Marston et al., 2011; Morton et al., 2006). Two distinct sets of ARC neurons represent 
the core of this system: those that express proopiomelanocortin (POMC) and distinct neurons that express agouti-related peptide (AgRP) plus neuropeptide Y (NPY). POMC 
cells suppress feeding and promote energy expenditure, while AgRP/NPY cells stimulate appetite and blunt energy usage. Many of these neurons contain receptors for leptin 
(LepRb), insulin (InsR), and ghrelin (GHSR), as well as 5HT (5HT2cR) (Marston et al., 2011). Interestingly, much of the control of the melanocortin system by leptin may be mediated 
indirectly, via GABA- and/or Nos1-containing neurons (Leshan et al., 2012; Vong et al., 2011).
Brainstem Integration of Peripheral Sensory Modalities
During feeding, gut distention and nutrients promote the secretion of peptide hormones that act via the area postrema (AP) and activate the vagus to stimulate neurons in the 
nucleus tractus solitarius (NTS) (Grill, 2006). The feeding-activated neurons of the NTS (some of which express LepRb) convey this information to the dorsal motor nucleus of the 
vagus (DMV; which mediates gut reflexes) and to hypothalamic nuclei. These NTS cells also innervate the parabrachial nucleus (PBN), including neurons that contain calcitonin 
gene-related peptide (CGRP) and project to the central nucleus of the amygdala (CeA) to promote food aversion. The stress-activated midbrain 5HT system also stimulates the 
NTS to blunt feeding (Wu et al., 2012).
Forebrain Systems that Modulate the Drive to Seek and Consume Food
Unlike the control of cardiovascular function, feeding requires coordination of sophisticated behaviors to obtain and ingest food. While neurons that generate and fine-tune 
motor patterns ultimately mediate foraging for and eating food, they act at the behest of the brain’s motivational systems (Berthoud, 2007). While many circuits influence motiva-
tion, at their core lie the dopamine (DA)-containing neurons of the ventral tegmental area (VTA), which project to the nucleus accumbens (NAc) and CeA, among other areas. DA 
action in the NAc is required for the motivation to acquire an object (e.g., food), while many CeA circuits mediate aversion, including in response to brainstem signals. The VTA 
also contains a subset of CeA-projecting LepRb neurons (Myers et al., 2009).
The LHA integrates metabolic (e.g., leptin and melanocortins) and other homeostatic signals from the hypothalamus to modulate activity, attention, and motivation appropri-
ately for current conditions (Berthoud, 2007; Myers et al., 2009). The LHA contains several groups of neurons that contribute to these processes, including orexin (OX; that is, 
hypocretin)-containing cells that are activated by signals of energy deficit to promote arousal and food seeking, in part by stimulating VTA DA neurons (Berthoud, 2007; Myers 
et al., 2009). LHA LepRb neurons inhibit OX neurons in response to leptin (and potentially melanocortins), as well as projecting into the VTA to control DA signaling. LHA melanin 
concentrating hormone (MCH)-expressing neurons project widely through the forebrain, including to the NAc, and stimulate feeding (Georgescu et al., 2005). Melanocortin 
signaling inhibits the function of MCH cells.
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